The nucleotide sequence of Mycoplasma sp. (Kid) phenylalanine tKNA was
INTRODUCTION
Myooplasma are the smallest free living cells that iiave been investigated. They are probably the smallest prokaryotic organisms known anu possess a genome size about one-quarter as large as 1. coli (1) . The urn. of Myooplasma sp. (Kid) has a molecular weight of t>84,0UU and a very low G+C content of 24.91. The genome of Mycoplasma sp. (Kid) contains one gene each for the three ribosomal RNAs and only 44 genes for tRNA (2j. Since this organism represents such an early stage in evolution it was of interest to purify and sequence a specific tRNIA species and to compare it in its properties with the corresponding tRNAs from other organisms, he had shown earlier (3) that the tRNA of this strain contains fewer modified nucleosides than E. coli tRNA. In this paper we report the nucleotide sequence of phenylalanine tRNA from Itycoplasma sp. (Kid) (4J. Apart from the low content of modified nucleotides its primary structure is similar to that of E. coli (5) , yeast (6) , wheat germ (7), a. ctcarothermo^nilus (8) , and rabbit liver (19) phenylalanine tRNA. The i.jccplasma tRNA can be aminoacylated with E. coli and yeast phenylalanyl-tk\A synthetases. It possesses the ten nucleotides which according to Uudock (.y) are part of the recognition site for yeast phenylalanyl-tR\A synthetase.
MATliRIALS AND NE1H0DS
General. Pancreatic RNase, snake venom phosphoJiester.iie a;id £'. JJIL Nucleic Acidf. Research alkaline phosphatase (BAPF) were obtained from Worthington Biochemical Corp. T^ and T 2 RNase (Sankyo) were purchased from Calbiochem. U 2 RNase was a gift of Dr. H. Okazaki of the Sankyo Co., Tokyo. N-cydohexyl-N'-2-(4-morpholinyl)ethylcarbodiimide methyl-p-toluene sulfonate was a product of Aldrich Chemical Co., Inc. RP-14, RP-54, and NST-54 X-ray films were from Eastman Kodak; Whatman DE81 DEAE-cellulose paper and Whatman #1 chromatography paper from Fisher Scientific. Cellogel was a product of Colab Inc.
Growth of Myooplasma. Optimal incorporation of [ PJorthophosphate into
Myooplasma sp. (Kid) cells was obtained with a medium containing per liter: 10 g glucose, 5 g sodium chloride, 3.75 g Tris (adjusted with HC1 to pH 8.0), 30 ml clacium-treated tryptose solution (see below), 20 ml Difco PPLO serum (dialysed, see below), 250,000 units of penicillin, 20 rag each of adenine, guanine, cytosine, and uracil, 10 mg of thymine, and 100 mCi of carrier-free [ PJorthophosphate. Cells were grown in this medium at 37° for 18-24 hours without aeration or shaking, and harvested by centrifugation.
Tryptose (Fisher Scientific) was treated with calcium as follows: 10 g of tryptose were dissolved in glass-distilled water and brought to a final volume of 40 ml. The solution was made 0.1 M in Ca by adding 1 M calcium chloride (4.5 ml), sealed with Parafilm, and left overnight at 4°C and then filtered. The filtrate was sterilized by Millipore filtration and used as described above.
PPLO serum was freed from orthophosphate by dialysis against a buffer containing per liter: 5 g sodium chloride -3.75 g Tris (adjusted to pH 8.0 with HC1). The dialysate was sterilized by Millipore filtration.
Preparation of [
32 P]-labelled Myooplasma tRNA . The cell pellet (harvested from a one liter culture) was suspended in 10 ml of Buffer A containing 0.01 M Tris-chloride (pH 7.0) -0.01 M magnesium chloride -0.01 M 2-mercaptoethanol -0.1% sodium dodecyl sulfate. 200 A^Q units of unfractionated Myooplasma tRNA were added. The suspension was extracted with an equal volume of redistilled phenol for 30 min at room temperature. The phenol phase was reextracted with 5 ml of Buffer A. The two aqueous phases were combined and reextracted with 5 ml of phenol. The aqueous layer was applied directly onto a DEAK-cellulose column (10 ml) previously equilibrated with a buffer containing 0.20 M sodium chloride -0.05 M sodium acetate (pH 5.5) -0.01 M magnesium acetate. Then the column was washed with the equilibration buffer containing 0.4 M sodium chloride, then the tRNA was eluted with buffer containing 1.5 M sodium chloride. The peak of radioactive RNA was pooled and deacylated by the addition of Tris-chloride (pH 9) to 0.5 M and incubation at 37°C for one hr. The tRNA was recovered by precipitation with three volumes of ethanol at -20°C. Phenylalanine tRNA was purified by the derivatization procedure (using E. coli aminoacyl-tRNA synthetases and [Tl]phenylalanine of specific activity 7.6 Ci/ mmole) as described in the preceding paper (10) .
Sequencing Techniques. The procedures described by Barrell (11) were used for enzyme degradation and fingerprinting of [ PJtRNA and also for the identification of the resulting oligonucleotides by enzymatic digestion and carbodiimide derivatization.
Separation of tRNA fragments from partial T.-RNase digestion oy polyacrylamide gel electrophoresis. The enzymatic digest (10 pi) was mixed with an equal volume of 404 sucrose solution and immediately layered into the sample slot of a 15% polyacrylamide gel (pH 8.3, 7 M urea) slab (40 x 20 x 0.5 cm) which had been pre-run at 30 mA for an hour. After 36 hours of electrophoresis at 30 mA, the gel slab is exposed against X-ray film. Figure 3 shows the autoradiogram of the separation of a partial digest of Mycoplasma tRNA . To ensure that each band in Figure 3 was indeed a homogeneous fragment each gel band was rerun in another slab gel at a different pH. We therefore excised the gel bands of Figure 3 into rectangular shapes with a scalpel according to the autoradiogram and arranged them horizontally between the glass plates along a line 2 cm from the top. In order to hold the gel blocks' firmly between the glass plates, spacer strips of 1 mm thinner than those used for pH 8.3 gel were used. A 15% gel mixture of pH 3.3 (12) is then poured in and polymerized accordingly. This gel is run as described above. The bands of interest were excised. The tRNA was recovered from the gel by electrophoretic elution.
Characterization of Modified Nucleotides. All oligonucleotide fragments were digested exhaustively with T2 RNase. The hydrolysate was subjected to thin layer chromatography (on cellulose) in the following two systems: solvent I, isobutyric acid -0.5 M ammonium hydroxide (5:3, v/v); solvent II, isopropyl alcohol-concentrated hydrochloric acid-water (70:15:15). The fragments were detected by autoradiography. (11) . The first dimension is electrophoresis on cellulose acetate at pH 3.5 and the second dimension electrophoresis on DEAE paper at pH 1.9. B indicates the position of the blue dye marker.
the preceding paper (10) . Upon subsequent polyacrylamide gel electrophoresis which separated a minor band, the tRNA was ready for analysis. A 1 liter culture containing 100 mCi [ PJorthophosphate generally yielded 15 pCi pure tRNA Phe .
Phe Pancreatic RNase digestion products. The tRNA was digested with pancreatic RNase and the fragments separated by 2-dimensional electrophoresis according to Barrell (11) . Figure 1 shows the resulting fingerprint. IS fragments were found. The experimentally determined molar yields for each fragment are shown in Table I . Since upon T~ RNase digestion of fragment plS Up and Dp are found in a 2:1 ratio (Table II) , pl5 is a mixture of two moles G-G-Up and one mole G-G-Dp.
Analysis of the pancreatic RNase end products and their deduced sequences are shown in Table II . With the exception of one fragment, pl3, all sequences could be elucidated by the combined results of I, and T, 1 RNase digestions. Fragment pl3 must possess the sequence G-A-A-m G-Cp since in the T. fingerprint (Fig. 2) A-A-m Gp is found.
Phe T^ RNase digestion products. Digestion of Myooplasma tRNA with T, RNase gave the standard two-dimensional fingerprint shown in Figure 2 . 17 fragments were found; fragments tl2 and tl3 could not be separated well. The experimentally determined molar yields of each fragment are shown in Table III . In most preparations the yield of fragment tl7, pGp, was very low. This is probably due to dephosphorylation of the 5'-end of tRNA during the aminoacylation (with the crude enzyme mixture) required in the purification procedure. (The material fingerprinted in experiment 3 was •not subjected to pancreatic RNase digestion; thus we did not find pG-G-Up in the pancreatic fingerprint (Table I) .
Analysis of the T, RNase end products and their sequences are shown in Table IV . Only 9 of the 17 fragments could be unambiguously sequenced by the combined results of pancreatic and T^ RNase digestions. Further analysis of the remaining T, RNase end products by U, RNase, snake venom phosphodiesterase or pancreatic RNase digestions of carbodiimide derivatized fragments is shown in Table V .
Sequence of frr.rnent t6. t6 must be the 3'-end of the tRNA as judged by its position o~ the fingerprint (Fig. 2) and by the absence of Gp in its nucleotide con: =ition (Table IV) . ^ RNase digestion yielded the products C-C-A™,, C-C-P -Jid Ap (Table V) . The results of complete digestion of t6 Table III The fragment nuaber refera to the Tj Uiase flngerpriot fhovn in rig. 1. Molar yields were ooraallzcd aaauaing a u l i r yield of 1.0 for fragacnt t i l . 
Fregatnt

A-C-(l.O). C-(l.l) G-(l). 0-(0.7), C-(0.9) A-G-(l), O-(l.l) A-G-(l), IMO.9) C-(l), A-C-<1.0), O-(l.0) A-C-(1>.A-C-(O.S),C-(2.6).I)-(1.3)C-(O.S) G-(l).A-C-(l.O).A-C-(O.7),C-(3.3),O-(l.l) C-(l).U-(l.l).C-(1.0)..'c-»-(0.9) C-(l),U-(0.7).C-(1.8>,«-(0.t) C-(1),A-A-O-(O.9).C-(3.2),O-(3.O)«
Conclusion
C-C-O-A-C-C-A-G-A-A-a l G-
A-A-G-3'*eni fregatat D-C-(O-.C-)C-D-A-G-D-A-G-(A-C-,0-)G-(0-,a'G-0-,C-)C-(c-,i-.c-,o-)e-(A-A-U.Cj-.Uj-.t-jC-• ) Tfcta Material Identified aa an equleelar Mixture of U-and •-by t i c . b) This Material Identified aa • alsture of D-and •-by t i c . c) Thla Material identified aa a Mixture of U-and •-ID a ratio of 2:1, reapectlvely. by t i c .
Nucleic Acids Research (11) . The first dimension is electrophoresis on cellulose acetate at pH 3.5 (7 M urea) and the second dimension electrophoresis on DEAE paper in 1% formic acid. H indicates the position of the blue dye marker.
Table V
FurtntT Analj/*i* of Somt T. kJtaMte tnd Product* Tm» T. U r n olltonucleoeides w n hydrolyxed completely by 0, UUse or snake venom phoapmodlesteras* according to Barrell (11) . The carbodiimidc derlvatlzation procedure°* » b««a *««crlW4 ( with venom phosphodiesterase (Table V) show Ap to be the 5'-terminal nucleotide. The sequence of t6 is A-C-C-A-C-C-A^.
Sequence of fragment tB. This oligonucleotide is U-C-Gp as judged by the occurrence of U-Cp in a pancreatic digest of the carbodiimide treated fragment ( Table V) .
Sequence of fragment til. Since U, RNase digestion yields Ap, the sequence of fragment til is A-C-U-Qp."
Sequence of fragments tl2 and tlZ. These two oligonucleotides were poorly separated in the standard size fingerprints. Their sequences were determined from unlabeled tRNA by a different method as shown in the following paper (13) . tl2 has the structure C-U-C-A-Gp and tl3 is U-C-C-A-C-Gp (13).
Sequence of fragment tl4. Since m G-Up is found in the pancreatic RNase fingerprint (Fig. 1 ) the possible nucleotide sequence of this oligonucleotide is U-m G-U-C-Gp or C-m 7 G-U-U-Gp. Analysis of this oligonucleotide from unlabelled phenylalanine tRNA (as shown in the accompanying paper) shows the former structure for t l 4 (13).
Sequence of fragment tl5. The results of a pancreatic RNase digest of the carbodiimide treated oligonucleotide gave iJi-Cp, U-Gp and Cp (Table V) . Thus a sequence of (iji-C-,C-,)U-Gp can be written. Since in the pancreatic fingerprint (Fig. 1) no fragment ending in G-\jip is found, the nucleotide sequence is C-i|>-C-U-Gp.
Sequence of fragment tie.
When this decanucleotide was digested with IL RNase two major fragments (U-,i|i-,C-)A-Ap [tl6Ul] and (C-,C-,U-,U-)Gp [tl6l)2] were found (Table V) . In order to determine their sequence these oligonucleotides were derivatized with the carbodiimide reagent and digested with pancreatic RNase. T16U1 gave (U-.i^Cp, and A-Ap (Table V) . Since the pancreatic fingerprint (Fig. 1) does not contain G-iJ<p in any fragment, this oligonucleotide must have the sequence U-i|;-C-A-Ap. The digestion products of tl6U2 were U-U-Cp, Cp and Gp (Table V) . Since tl6 contains A-A-Up (Table IV) the fragments can be ordered to give U-U-C-C-Gp. Thus tl6Ul and tl6U2 give the sequence of the fragment tl6 as U-i|»-C-A-A-U-U-C-C-Gp.
Partial Tj RNase Digestion Products and Determination of Total Sequence.
The tRNA e was partially digested with T 1 RNase and the products fractionated by two-dimensional polyacrylamide gel electrophoresis as described in Materials and Methods. Figure 3 shows an autoradiograph of a gel of the f i r s t dimension. The bands from the second gel were eluted and one half was digested completely with T. RNase and the other half with pancreatic RNase. The resulting products were fractionated by electrophoresis on DEAE-cellulose and identified by base analysis and enzymatic digestion. The results are shown in Table VI . In two cases the pancreatic RNase digestion was not complete. However, the unambiguously determined sequence of other partial fragments could be used to order those. For instance, p a r t i a l fragment Til has the sequence C-
The four complete T, RNase end products in this fragment (Table VI) 
Table VI
Fragments Produced £>y Partial T RNase Digestion
After limited digestion with T, RNase the RNA was fractionated by polyacrylamide electrophoreais as described in Materials and Methods. The fragments were eluted. One half of each sample was digested with T^ RNase and fractionated by electrophoresis on DEAE paper (pH 1.7); the other half was digested with pancreatic RNase and fractionated by electrophoresis on DEAE paper (pH 1.9)-
The molar ratios of each fragment: were determined quantitatively by counting in fl wide P-counter. If they are greater than 1 they are given in parentheses. The fragments usually were identified by digestion with T2 RNase or the opposite enzyme. Tl   T2   T3   T»   T5   T6   17   T8   T9   T10   T is shown in Figure 5 in the familiar ;loverleaf form. m Gp, and m Gp were found in the tRNA. With exception of Dp they were cochromatographed on tic in two solvent systems with authentic unlabelled markers as shown in Table VII . Since 4-thiouridine often becomes desulfurized by exposure to low pH (during fingerprintingj v.e searched for this Phe compound in the non-radioactive, pure Mycoplasma tRNA described in the previous paper [10)-No Sp was found. plays a role in its lack of further modification is not clear; however, all Phe known tRNA species contain A in this position. Mycoplasma tRNA has the same chain length as the other phenylalanine tRNAs. The fact that its nucleotide sequence has more similarities to the E. coli tRNA sequence than to those of the three eukaryotic tRNAs again suggests that Mycoplasma is a primitive prokaryote (1) . A composite of the six known phenylalanine tRNA sequences is shown in Figure 6 which depicts the positions in the nucleotide sequence occupied by the same nucleotide. In agreement with an experiment that pure Mycoplasma tRNA can be aminoacylated by pure yeast phenylalanyl-tR\A synthetase (data not shown) it contains the 10 nucleotides proposed by Uudock (9) as recognition site for yeast phenylalanyl-tRNA synthetase. The apparent existence of only one phenylalanine tRNA species in Mycoplasma sp. (Kid) is noteworthy. Reversed phase chromatography (kPC-2 and RPC-5) of Mycoplasma tRNA failed to reveal the existence of two peaks of phenylalanine acceptor RNA. If there was a minor phenylalanine tRNA species contained in the fraction isolated by benzoylated DhAL-cellulose chromatography it must be less than 10% as judged by sequence analysis. However, in agreement with the small number of tKNA genes in this organism Phe (2) there may be only one gene for tRNA . The coding properties (expected from the anticodon sequence) of U-U-U and U-U-C will allow this tRNA species to translate both phenylalanine codons.
Partial Fragment
